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Abstract

We wI1 pr~sent an analysls for different etmttance
growth mechanlams for electron beams in photoelectric
i~ectms. The mschamama WI1l be broken up mto three
groups: space-charge forces due to self-similar expanaon,
space-charge forces due to non-se lf-similu expatwon
(including divergences and convergence of the beam), and
rf forces. We w1l show that some of the ermttance can be
elirrunawd ciownstream, particularly that of the fimt
~roup, General design considerations wll become clear
from r,hls analysis and a generic desqp w1l he presented.
In addition, a phomlectric injector design for both the Loa

Ala.mos National Laboratory XU J FEL and a compact
free-electron laser (FEL) WI1l be used to show numencal
agreement Mth the tmalysm.

InQoduction

One of the moat important recent improvement in
electron accelerator br-ghtneae is the introduction of
photoelectric Injectors. 1 A photoelectric injector conaiata of
&laaer-dnven cathode in an rf cavity, followed by more rf
cavities that provide mtre!r.ely quick acceleration w
multiple PdeVs, Inat.au@neous peak currente of bundreda
of amperes ta kiloamperes is poeaible from the cathode so
further bunching is not neeeeaary. Computer simulations
of photoelectric injectom have shown ve~ low trmnaverae
emit~ “es, for example, normdixmi 9W emitwmec of 20
ommuwad for a 20-p% MM-A beam.2 Typical results
show that emittancea are onae’~nth or Ieea than thoee
expected fmm thermionic cathodea with conventional
velocity bunching to obtain the same amouat of peak
current. Obviously, a siguiflcant reduction In emittanca
growth is expected with the photoelectric injectir hecauae
of the removal of tha long, Iow-volhge M This
improvement can be eaaily eatimatd fmm wall-known
formu;ae for erxutmnce gTOWth,3 which show thti emittance
grows like

for ~me constaat k. However, the calculated emittmce
using these formulae la much greater than one would
expert: in fact. for a cam extined Iati,r in this paper, the
cmittance is only me-third thatpred,cted by the fotmu!ao
from Ref. 3 [n this papar, wa will explain this diacmpancy
by showing that a diffment phyaicrnl mechaniam ●vailable
for cm]ttnnce reduction is pAblo for tha photoelectric
ln]ec~r but not for mxiventional thonxiionlc Injectors. This
mechanlam IS ●blo tci remova cor?tlttti emittance
Ivarla:lons in the t,ran~erae phase spaco correlated with
lon~tudlnal position) if there baa hernn no subat.antial
l{,n~tudlnal mixing of the panicloa. Jr, a therrnionic
lnJector, Iongttudinal mixing occurs becau~ of the veicwlty
hunching requlrcd tu obtain high peak currents ( >100 A),
because the rathrdea are only capable of producing tena of
Iimperes instantaneous current. ‘rhls Iorlgttudinal mlxlng
(*fYectlvely th<rrnall~es the beam, removing the

correla~ons, Radial mixing IS also undesirable but n(jt .IS
disasL-ous, as we WII1see later. In adchuon, we WI1l ;n,w
that the injec@r and the accele. at.ar are inumately
connected by this mecharusm md cannot be separa”~d.
Thus, one should not view the injec~r as a separaw f:-ont
end of the accelerator beamline up b 10 or 20 .MeV but
rather as only one injector-accelerator integ-rated
structure. For the purposes of this paper, the term Lnjectir
WIII include the en~re beamline from the cathode w the
target device that the accelerated beam is meant for \ In )ur
examples, this IS a free-electron iaser oscillator).

In the next secti~~ we will discuss various mechanisms
responsible for emittance growth. This diacuswun WI11be
separated into four parm. Ln the first part we WIII review
the linear space-charge ermttance growth and reducuon
mechamsm for a nonaccelerating drifting slug beam with
focusing.2 This simple model is useful because It IS the only
special case whose solutions provide a clear phy~lcai
Interpretation. In the next two par~, tie eilects ut’ r!’
acceleration and r-f focusing will he included for the linear
space-charge mechanism, Finally, noniinear space charge
and nonlinear and time dependent rf effects WIil he
accounwd for. Ln the laat secuon, slmulntions from a L~Js
Alamoa National Laboratory photoelectric injector wIII be
presented to show numerical agreement with the analysis.

IZmittance Analyaia

‘There are four mechanisms in the injector that
contribute tmexnitwmce gro~:

. Linear space charge

. NonlineM space charge

. Nonlinear time-independent rf
● LineU time-dependent rf

We will examino each of these mechanisms. From the
examplea in the lamt section of this paper, we WIII see that
the fimt mechanism will dominate in general, contributing
emittances t.hrea times as large as those combined from the
other mechanl~, However, we will see that If there IS no
longitudinal mixing, we can, in principle, completely
eliminate it and the resulting emittinct is due prlmarlly w
a tradeoff tretwoon the second and fourth mechanlams. ~he
first three parta in this section will examine the linear
space-charge mechanism In detail; a review of previous
work will he followed by introducing rfacceleration and rf
focusing lnta the model. The last three mechanisms WIII he

studied together in the last part.

linear Space Charge

In this part, we will review an analysis of the Ilncnr

spl ce. ci~arge mechmlam for a drifting SIUK beam IKIVI.1)*II
n previous paper 1, and obtain an expreswon for the twiin)’+
●mlttance as a function of POalt]on. We wl!l p,~stp,ou
de frning what we mean by linear space charge until Kq I:1,
a discuaaton will follow,

[n ~“ig, 1 we we a typical emit~nce piot as /4 fl]ottl{,n ,11’
distance down the Ilnat for a typlcni wmulat)on (or iI) A
nC, 20 ps bunch in a 1.3 Lltlz phowlnject. or. WV ,tt~ \l)
lrnrntdiate tmittancr frowth M ~bout 1(,() I mrrl Im {(i
nnd subsequent rcdurt)on to n mlnlm(lm III Ih!ll]! .: I
I rum mrad nt n location Z( ri{]wnstrenm Yhe Ihh:ltl’ ,11 1’

I(ran he pushed far nwny nrhltrnrlly; :11n ~l]lli( ,!,IItl\ !IAII
v!\erKy ther~ Is fow Fnl InilV I*IIernllhinw ~r(lv:th 111111‘:111
I,},nll,)n W’r will itl~lw liIIw 1111%,Ornlttn’tv ~IIV.l!I I:!
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Fig. 1. (a) Typical em,ittance plot u a function of
distuzce down the Linac for an 8-nC, 20-pa pulee in s
1.32 -GEIZ photoinjector (b) Drifting slug-beam inmrnal
Coordinam sy8t8m.

reduction occur with a simple modol. We W-I11 study ●

drifting slug beam (Fig. 1); the effectaof rfacceleration and
refocusing will be shown to be n variation in the definition
of the normalized space-chrge force m~, the distunces z
and z,, and the Initial mm and divergence of the dug. For
convenience, we well elan define m internal coordina~
systam P and ( ta Indicata diffarent points io the slug beam,
wlt.h p = r. defining the initial radial aim. In Fig. 1 we
define points B ta repreeent the axial sdgea for p = r. and
points A to represent the center for p = ro. We let the slug
beam drift fmm a cathode at positJon z = -zl to ● lens at z
= () and a distance z aftar the lens. Wc have shown In the

earlier paper that the len~ CM reduce the em.ittance,
Fimt, we wi II examine the effect of constant space

charge, W? will call this the weak focueing limit. Thl$
case with zero Initial bamm divergence hu ● eolution that
IS comustant wItb a well- focuaad beam downstream, which
IS not true In genaral. We aaauzne the space-charge force
m,+ I m,, IS the elect,rori fi~tmass) is a function only of p and
~ and not ofz. The edge of the beam initially at location (r,),
;) will obey

Ht the Ieng. [f we define the focal length i U, of the I]near
Iensalz = l) b)be

-
-4.::-:’

at z tcr all positions P and ; In tie siug, ‘4,Js, .It ::.. S
Iocauon, the ernittance from the linear space cnarge na~
been reduced to zero.

The unnormalized rms ezmtt.ante, defiued as

~=~ ~’<. +><r’’>-<rr’>l

where the bracketa refer to averages over the beam and r‘
-- dr&, will obey

With the Wparation of the two terms, it lS c!ear that
la.znmarlty is not required, or

in general. However, some degree of Ia.tmnanty IS needed
to meet the s;.znilar expansion requirement, Eq. ,21
Solvlng for the emittance rather than JL expliclt!v .s
superior hecauee the soJuuon for J,, drops IUt
conveniently. ”

TrI maintin similar beam expanaion, we don’t want the
beam to expand @ much or go through a crosasver [n this
pnrUcular example,

Thus ifz < +tf , then the beazm has a croeaover before the
mmimum eznit~ce position and if z > Zcrtt, then there lS a
waist before iL where we let

(J can be considered roughly constant over the slug beam).
The model is most accuraw for z values just S1lghL]y larger
than +r,f. This equation is used as a guide for deslgnlng a
photoelectric injector by determ.imng the best position z,
for lens placement. One fiicw feature of the boundary
conditions in this caae ia that the minimum emlttance
location rxcura neu a waist ao the beam is well focu~d.
This IS not true in general.

[n addition, it waa shown that If the beam expansion
is aiznilar (our earlier datlzition~ for linear space CAMge )

I“rom “iq, (2) we k,,ow that

{,) 1. /) k(,) L.)i IZ)

●l,,,, A,F,. ,),,, ,,, i, ,,, ,. .,!,,,,, v I ,1,,llt, q I ,,% J\i41!l!l. \.ll\!’ll!l 1, , I
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/igtin, it is easy to get an expraaaion for o~; however,
kecause in general J(Z) depends onoL, it may be diff~cult to
IJerive an explicit solution for aL Itm useful to remember
that the (< M> <#>- <kp >’:; term is a constant
independent of pcmtion.

Linear Space Charge with RF Acceleration

With rf acceleration, Eq. (3) chang-s. The beam
frame time (b IS related to the iaborauxy !Ongitud.hd
pomtion by

dz=(y$c)dtb ,

and the beam and laboratory space-charge forces by

i = ib(@C)

We can rewrita Eq. (3) aa

,~=(<A~><p~>_<ip> 2)(
o &l

(r. + ro’

1’ iu’!dJ l:’ AZ

I -1, y(z) p(z)

(4)

I!q. (4) can ix int.egratad with a computer code if the form
,Jf the accelerating ~adient IS known. At this point, it
would be nice If with L.wnst, antand r,)’ = 0, we could get an
cxprexwon for z similar w iiq. ( 1), which would ~ve us
guidance in placlng our lens. L’sing y/I = 1 + If (z + z,) =U
for wrne constant H (which IS not constint gradient, but
rhmmlend tAIequat.lona wr can w)lv~), then

.!

,Jr

.. -!- 0 $-.. IJ

(e— ll-lu’’l-logu) --$>gu–r/, : .

at the uunlmum emitt8nce Iocauon, with u , = I . !{2
“~he re~ul~ng equation analogous W Eq ~1 J is

iogu * urJH~’l.\kl
llJgu J=l -

U-1

Linear Space Charge wIt.h RF F~us~ng

If the beam expansion is sufliclently seifslmi:ar,
then we can wmt4 an exphclt solution feral. If

r “= k{p, <)lfz) -Ip, p,+a Z) (j!

then

aL = NIM

where

,, .,,.,
I I

and

11
1 ,#

.W=ro a A@’’)dz’-
0 ,0

+ I“ i’ a(z’ldfdz
-n , -8,I

,Jio ~(fi&
-# I

!
1

cl(z’)d2’-
-1,

,0 ,1.

+; I
‘1

;-4 l;. ,
I I

‘2
Aw’)&dz2

-a I

r’ r \lz’)&’tf!
;_, /_,

I I

o “2
.\(r’)dz’dz2

-8, J -1,

,0

,1 I

and the emit~ce is

&? = (<k~> <#> - <kp >2) //VW,, MP

a

‘1

A solution still exia@ if we relax the similarity restraint tor
the focus, although the solution cnnrwt be wrlttt’n
explicitly, W? start with

r ,, -. A - Or

with initial boundary conditions r = r,, and r’ r, ‘II( :

0 Then

--
II -lurl :IA-’lt Ir, imaIWIz I -Lr ,V(lwn(\{lzl

nnd

LIP 1,{- Lttr, t v;wf) I\,lll * 2f:1(7)*1\(Ytl



and

for sufficiently small ( fizz) [the error is of order (fiz1)4]

Other Mechanisms

Nonlinear Space Charge

Nonilnear space. charge ●ffecw cannot in general be
removed. Thus for the wmsk focusing lizn.iL the cri~ri~
of Eq. ~1) must be used to minima tie non-eimilrr beam
expan910n, AS you wI: see In tie hat section with thie
criteriu.rn. the nonlinear space charge ie eti]l not negligible.
In addition m non-aalf-eimjlu km expangon, noulinear
space charge can ormr km beam divergences and
convergence. With a beam angle oi d, the emittance grows
like

for a tlmtl of length z md a bunch of length L. The flint
termISh consmnt for any angle, but the second term gmwe
for larger tt,

Nonllrsenr Time.independent RF Flolds

This tarm rafem to the nonlinzm component in the rf
fields. I.e., tie coraWnent that deviatae fmm

An earlier work hne calculawd cavity ehpm for linear rf
tltlds for dflclently low cnuugh fraquenciee thmt the
~lectrosmuc wluu(jn can be u~d. d An ex~naion w
c!ccv,)ma~etic fields IS poaaible mad necma.ary; Mt 1 s
(;1[2, nunllnearlty of the fields contribuw something
IIlie 1,> IIIIM mrad ta tha normalized 90% em. ttance,

I.inetir Time-l)ependonl KF Flolds

For ,]ne [If the caxee we will coneider in the next
sertl~]n, the emlttanre of 15 ~1.mm.mrad arises from a
, (Irnblnalion III” I I v frum the nonlinear epace-charae ?thct
nnd 11 IIInlm tie Ilnenr ume-dependent rfflalde for a pulAs
,If21) pe, This l~eteffc.ct Im-um frum the time dependency IJf
the rffields, We assume the rfflalde IJbey Eq, (6), Th,:n the
ftIrm d t-he emlttsnm raeulun~ frum the time dependency
Iq

:.-...ll L’.II >!:~ : :.--t> )e.t .-, ,., :: 7P :- :.->,-: ‘, ,-, ,.., :,

tlT~C’A m~.ier ifl”di xi: ni)r..:cc~r ~p,I(c .:. J:g.: : .
Ippear With zer,) charge n me w~m. .: ., ;, .~.o., .

e:lmlnate this eITect with a Ltlird.harmt,n.’, .,,, ,1.,

fallowlng each iir. ac secuon because there WII! he n,j ~.i,~.~,

mlmng. However. with space charge, the r:~c:al m:x:ni
desmys the correlation before the third-harmonic L’a~~[~

To reduce this ef~ect with ipace charge, elcher J third

harmonic component must be introduced Into eacn II’ :he
fimt cavlhes M the constant E must be reduced [or eai.n

done. The constant Ej can be re uced by proper selectl,~n ,,i
Lhe parmnewrx p and ~ in the iinear field S4JlUtlLlrZ

extension of Ref. ~ for electromagnetic fields.
A second eflect from the time-dependent nature 1)~the

rf fleidx is tie time-dependent accelera~on of different
put.icies. If the pulse IS 9ufflciently long so LhaL dlfferenc
panicles of che beam bunch have different relauvlsuc
velocities when tiey encuunter the lens, hen the linear
space-charge @nn will not be cotnpleuly removed. Thl~
effect is aggravated If the Iena position is near Lhe tirst
cavi~y. There the difTerent energies between particles cun
be quite large. Thie effect can be as big JS 150
11.~.mrad for a 50-ps pulse witi 20 nC for a 1 3.GHz
suucture. one way to reduce this effect is m Introduce iung
drift regions that bring the Iena poeition downstream fr,)m
the fimt cavity so that the ●nergy spread will be a ;Uwer
parcen~ge.

Simulation of Generic Design

For a generic design. we will we a phowelecmc
injecbx with a magnetic lens. There IS a bucking coil so
that there is no flux a: the cathode, The four variables in
the deeign ua the

● accelerating gradient profile,
● initial cathode aiza,
6 initia! beun di +ergence, and the
● rffocueing In the firatcavicy.

We aaeumo tie magnetic field profile uf the lens enters
only in tie form JBI G’uY.

Operating at 1.3 GHz, we select gradienta ,If 26
MeV;m for Lhe flrat two callo and 8 MeVrn for the re.
maiLder, grouping 15 celle in each Iinac tnnk. The selected
wnsoda 8tJUctUm with Iinaar rffleldx for all cavl~es has nu
graded betx section. The flint cavity is half the size I,f the
uther cavitks; thereiore, the cathode is planar (r,,’ = () 1,
and there is no rffocwsing In the tlrxtcavity,

We We in Fig. 2 the effec~ of varying the Irns

position for Lht above conditions. Figure 2a shuws thul f{)r
the correct lens poeition, the emltmnce minimum and tho
beam focue occur at the same loc~tion downstream, “l’he
wsymnetric shape of the ●rnit~nce curve IS cuused by
iicceleratiun of the ●lectrons. [f we move the lens upslrt,:im
:Inrt vnrv IW strm@ so Lhat the emlttance mIIIIIIIIIIII
IIccuta at that same Iocatliln, we IIbserve ii Iwllm w:II. t

before lhe emlttance mlnlmum (Eig, lb), which , , III

ngreemcnt with Kq, ( 1), [f we muve the lens dtjwt]strll:itll
;Ind vary Its strength, the emlttance mlnlmllm UIIW ,,tl.tlr~

hefure a beam cruswver IFig. ‘2c), Althuu~h Eq I I
Iudlcates ihat u beam croxauver (MXUrX be fure the vul IL LiIui, II

ln!nlrnum, we were I’[]rced UI decreuge the +tren~lh *II”1111.
1(’n~twrause Lhere IS Unacccpmbic ●mlltanl”e Kr,!wth trfitl)

the n[jn.urnllar be~m tumplesalun, I%CIILIW thl’ i,’11’.
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Fig, 2. Radius (solid line) and 90% normalized
emittance (dashed line) of the beam as a function of
longitudinal position for (a) correct lens placement, (b)
lens too near cathode, md (c) lens M far from cathode.
Cathode position IS at the fti left edge of plot.

conclusion

A photoalectrtc injector design analysis has been
presented. This analyais includes electrostatic and rf
focusing and accelemtion. The emit’ante growth from the
dominant mechanism has been skwwn to be elim.inatad

,Csluu.1. ?1 1. LL.l:i L~ rt’>L, iL1[l~ l[<J!ll .:; Y ‘L. !~: :. .,! :. i.-. -::,. >

rhe photaelectr:c lnjert.or With 3 single lens c~n -Je :,c I1 .];
J generlt design. Addltlonal !enses are inc.uded z :T.e

electrostatic focusing term. Computer simulduuns ,.)( ::3:~
design show good agreement with tie analysls.
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